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ABSTRACT
The angular momentum of galactic discs in semi-analytic models of galaxy formation
is usually updated in time as material is accreted to the disc by adopting a constant
dimensionless spin parameter and little attention is paid to the effects of accretion
with misaligned angular momenta. These effects are the subject of this paper, where
we adopt a Monte-Carlo simulation for the changes in the direction of the angular
momentum of a galaxy disc as it accretes matter based on accurate measurements
from dark-matter haloes in the Millennium II simulation. In our semi-analytic model
implementation, the flips seen the dark matter haloes are assumed to be the same for
the cold baryons; however, we also assume that in the latter the flip also entails a dif-
ficulty for the disc to increase its angular momentum which causes the disc to become
smaller relative to a no-flip case. This makes star formation to occur faster, specially
in low mass galaxies at all redshifts allowing galaxies to reach higher stellar masses
faster. We adopt a new condition for the triggering of starbursts during mergers. As
these produce the largest flips it is natural to adopt the disc instability criterion to
evaluate the triggering of bursts in mergers instead of one based on mass ratios as in
the original model. The new implementation reduces the average lifetimes of discs by
a factor of ∼ 2, while still allowing old ages for the present-day discs of large spiral
galaxies. It also provides a faster decline of star formation in massive galaxies and a
better fit to the bright end of the luminosity function at z = 0.
Key words: galaxies: structure, galaxies: general, galaxies: fundamental parameters,
galaxies: evolution
1 INTRODUCTION
The formation and evolution of galactic discs in a universe
dominated by dark matter poses great challenges that still
need to be solved. For instance, only recently grand design
discs such as that of the Milky Way have been produced
in hydrodynamical simulations with a better treatment of
multiple gas phases and feedback (Scannapieco et al., 2006)
and with the hybrid lagrangian cell code AREPO (Springel,
2010). On the other hand, it is difficult to produce large
enough samples of galaxies with these codes to make statis-
tical comparisons with galaxy samples extracted from large
⋆ E-mail:npadilla@astro.puc.cl
surveys such as the Sloan Digital Survey (York et al., 2000)
due to the large computational resources required for this in
comparison to simulations that only follow dark matter (see
for instance Bower, Benson & Crain, 2012).
In recent years, these problems have been partially
solved by different approaches such as (i) using resimula-
tions of chosen haloes in large dark matter only simulations
to much higher resolutions, as is the case of the Aquarius
simulations (Springel et al., 2008). These haloes resemble
our own Milky Way′s (MW), and simulations of galaxies
within these are expected to reproduce the large disc of the
MW at least in some cases. These simulations have been
extensively analyzed and different hydrodynamical codes
have been run using the Aquarius simulations (the Aquila
c© 2013 RAS
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project, Scannapieco et al., 2012), and in some cases their
results are promising showing grand-design spiral galaxies
in a fraction of the haloes (Marinacci, Pakmor & Springel,
2013). (ii) Resimulating larger portions of the Millennium
Simulation (Springel et al. 2005) corresponding to differ-
ent environments, of low, average and high matter density;
this is the case of the GIMIC project (Galaxies-Intergalactic
medium Interaction Calculation, Crain et al., 2009). How-
ever, it turned out that the resulting stellar mass function
of the GIMIC galaxy population is not compatible with the
observed one (Bower, Benson & Crain, 2012). The limitation
of this approach is evident since due to the high computa-
tional demand of this project, it was not possible to re-run
it many times with changing parameters until the resulting
galaxy population matched the observed one. (iii) Currently,
the EAGLE project (Evolution of Galaxies and their Envi-
ronment, Bower, Benson & Crain, 2012) seems the most
promising way to obtain fully hydrodynamical simulations
of a galaxy population with the right stellar mass function,
that is, with a reasonable galaxy population in which each
galaxy has evolved embedded in a dark matter halo, with
all the associated physical effects, including those involved
in the formation and evolution of galactic discs.
Still, even though cosmological volumes are being sim-
ulated using reasonable hydrodynamics, in some cases there
are still issues regarding the resulting efficiency of early star
formation, which can be higher than observed (e.g. Powell
et al., 2011, Brook et al., 2011, Nagamine 2010, and ref-
erences therein). The proposed solution to this appears to
come from adopting higher resolution and introducing addi-
tional sources of feedback (e.g. Hopkins et al., 2011, Tasker
2011, Kannan et al., 2013).
Another solution to the problem of making large galaxy
samples from simulations comes from semi-analytic models
of galaxy formation. These models are necessarily extremely
simplified versions of the hydro simulations, since a small set
of simple equations describes the evolution of, for instance,
an entire gas phase in a galaxy (Kauffmann et al., 1999, Cole
et al., 2000, see also the reviews by Baugh, 2006, Benson,
2010, Silk & Mammon, 2012); this is, however, the reason
why it is feasible to generate large galaxy populations with
these models. In particular, the process of star formation is
generally modeled according to the observed proportionality
between star formation rate and projected gas density (e.g.
Kennicut, 1998). The proportionality constant involves an
efficiency parameter, which is fixed so as to fit the observed z
= 0 galaxy luminosity function, among other properties. No-
tice that the early over-efficiency of star formation affecting
some hydrodynamical simulations is therefore not present
in semi-analytic models, since they directly fix the efficiency
of star formation by reproducing the observed total mass in
stars at z = 0.
The ingredients involved in the star formation process
in semi-analytics are the disc dynamical time and the mass
of cold gas contained in the disc (e.g. Cole et al., 2000, Cro-
ton et al., 2006, Lagos, Cora & Padilla, 2008, among others).
Of the two, the dynamical time is the most delicate in the
sense that it depends strongly on the size of the disc, and
this is a challenging quantity as it involves many compli-
cated evolutionary processes. For instance, we need to know
the angular momentum of the disc and which is the influ-
ence of the bulge in its final size. Practical answers to these
questions were given by Mo, Mao & White (1998, MMW),
by studying the behaviour of discs in numerical simulations.
For relaxed haloes, they were able to provide formulae for
the typical disc size that depend on the dark matter halo
mass, its specific angular momentum, λ, the fraction of mass
residing in the disc, and the fraction of mass in the bulge.
However, haloes acquire mass continuously, either in a
smooth way or via mergers, and in both cases, the angular
momentum of the halo suffers slews and flips, some of them
small but others as high as 90 degrees or even more. Bett
& Frenk (2012) studied the frequency of flips in dark mat-
ter only simulations. They showed that flips are more likely
in mergers, but that they still occur when there is smooth
accretion. If the hot gas is relaxed within the dark matter
halo, as it cools it is highly likely that the disc sitting in the
center will have a different angular momentum. Analysing
the GIMIC galaxies, Sales et al. (2012) showed that this
effect can destroy discs completely, making their life more
episodic than is usually obtained in semi-analytic models,
where unless a merger or a disc instability takes place, the
disc keeps growing (on average). In the same line, Aumer et
al. (2013) find that the last misaligned accretion influences
the disc fraction of a galaxy. Other studies of disc galaxies
show the complex physics of discs. Saha & Naab (2013) find
that the alignment of the angular momentum direction of
the disc and halo produce stronger bars, which in princi-
ple could suggest that not even aligned discs are guaranteed
to survive long. In a more cautious note, Bird et al. (2013)
analysed the Eris ensemble of resimulated haloes (Guedes
et al., 2011), and point out that initial conditions have an
important influence on the final state of the disc of a galaxy.
The aim of this paper is to evaluate the impact on
the properties of galactic discs of the angular momentum
slews and flips suffered by dark matter halos using the semi-
analytic model of galaxy formation SAG (Cora, 2006; Lagos,
Cora & Padilla, 2008; Lagos, Padilla & Cora, 2009a; Tecce
et al. 2010). Although the version of the model described in
Tecce et al. (2010), to which we will refer as the base model,
makes full use of the MMW formulae to determine disc sizes,
it does not take into account the change of the angular mo-
mentum of the discs as they accrete matter. In this paper
we will improve upon this recipe by taking this effect into
account, to some degree, developing a new version of this
model that we will refer to as the flip model. For this pur-
pose, we construct a statistics of angular momentum slews
using the Millennium II simulation (Boylan-Kolchin et al.,
2009) and, with the aid of a Monte-Carlo simulation, apply
slews in the discs of the semi-analytic galaxies. The result-
ing properties of galactic discs impact directly the frequency
of disc instability events suffered by a galaxy, in which the
disc is transferred to the galactic bulge with all the cold
gas available being consumed in a starburst. The chance of
bursts increases with the amplitude of the flip of the an-
gular momentum of the discs, which makes us implement
one additional modification to our model regarding the trig-
gering of starbursts during galaxy mergers. Instead of using
mass ratios of the merging galaxies to classify them as major
mergers with starburst or minor mergers with and without
starbursts, as is considered in the base model, we now apply
the disc instability criterion to the remnant galaxy.
One of the possible consequences of introducing angu-
lar momentum flips in galaxy discs in the model is that it
c© 2013 RAS, MNRAS 000, 1–15
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could affect the rate at which star formation occurs at high
redshift. Since a few years back there has been some ten-
sion between the observed abundance of massive galaxies
at high redshift and those predicted by semi-analytic mod-
els (e.g. de Lucia et al., 2006). Several observational studies
pointed at larger populations of high stellar mass galaxies
than predicted (e.g. Pe´rez-Gonza´lez et al., 2008, Ferreras et
al., 2009), but with the advent of mid-infrared imaging of
high redshift galaxies, this situation was somewhat allevi-
ated, as shown by Marchesini et al. (2010). They point out
that if dusty templates are included in the analysis of pho-
tometric samples of galaxies with mid-IR coverage, then the
tension with the models is reduced. With an increased star
formation activity at high redshifts, our new model could
help to reduce even further this controversy.
This paper is organised as follows. In Section 2 we
present the statistics on angular momentum slews extracted
from the Millennium II simulation (Boylan-Kolchin et al.,
2009), and we briefly describe the aspects of the semi-
analytic model relevant to the present study and the im-
provements introduced regarding the slews of dark matter
angular momentum; Section 3 shows the effects of these spe-
cific changes on the typical lifetimes of discs in galaxies. Sec-
tion 4 shows how with this new model we can follow bursts
in mergers using only the disc instability criterion instead of
mass ratios as in the base model. In Section 5 we explore the
consequences of this new treatment on the general properties
of the model galaxy population, and Section 6 summarises
our results.
2 ANGULAR MOMENTUM SLEWS AND
FLIPS IN A SEMI-ANALYTIC MODEL
We use the SAG (Semi-Analytic Galaxies) semi-analytic
model of galaxy formation which is based on the one de-
scribed by Springel et al. (2001), with improvements on the
chemical element production by Cora (2006), the implemen-
tation of Active Galactic Nucleus (AGN) feedback in La-
gos, Cora & Padilla (2008), and the inclusion of MMW disc
sizes by Tecce et al. (2010). SAG is run on subhalo merger
trees extracted from a dark-matter only N-body simulation.
This simulation is based on the standard ΛCDM scenario,
characterized by the cosmological parameters Ωm = 0.28,
Ωb = 0.046, ΩΛ = 0.72, h = 0.7, n = 0.96, σ8 = 0.82,
according to the WMAP7 cosmology (Jarosik et al., 2011).
The simulation was run using GADGET-2 (Springel 2005)
using 6403 particles in a cubic box of comoving sidelength
L = 150 h−1Mpc.
In this paper, we introduce angular momentum slews
and flips that will directly affect the galaxy discs. One simple
way to do this is to follow the angular momentum vector of
the dark matter halo which changes with time, and assume
that the hot gas always carries it, even when cooling down
to top up the cold gas supply of the disc. The incoming
cold gas brings angular momentum parallel to that of the
halo, but if the halo changed its spin with respect to the
time when the disc was formed, the cooling gas will have
a different angular momentum than the disc. Using mass
weighted averages of the angular momenta of the incoming
cold gas and the galaxy disc, Lagos, Padilla & Cora (2009a)
followed the changes in the angular momentum of the galaxy
Figure 1. Cumulative distributions of the cosine of αflip, the
angle between the angular momenta of a dark matter substructure
in the Millennium II simulation before and after accreting matter;
these angular momentum changes are commonly referred to as
slews or flips. Top and bottom panels correspond to accretion
events between 0 < z < 1 and 1 < z < 5, respectively. Dashed
lines show the distribution of flips in merger events, whereas solid
lines are for accretion of individual dark matter particles. The
different colors correspond to two different representative ranges
in relative mass accretion, corresponding to 0.003 < ∆M/M <
0.007 and 0.03 < ∆M/M < 0.1, as indicated in the figure key.
disc. They went even further and extended this to the spin
of the black hole (see also Lagos et al., 2011, and Guo et al.,
2011).
However, the direction of the angular momentum of
haloes is difficult to measure accurately; for haloes with less
than 1000 particles the direction is subject to large con-
tributions from numerical noise (e.g. Bett & Frenk, 2012).
Therefore, the changes in the direction of the angular mo-
mentum of haloes in this case is larger than it would be if
c© 2013 RAS, MNRAS 000, 1–15
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the haloes were followed with higher resolution. In our case,
therefore, we either need to smooth this effect to some de-
gree (as was done in Lagos, Padilla & Cora, 2009a), or use
a statistical measurement of the typical angular momentum
flips of haloes to apply it to a semi-analytic model.
We opt for the latter, for which the first step is to ob-
tain a full statistical distribution of flips from a numerical
simulation with enough resolution so that the full dynamical
range of haloes populated by SAG is covered by our statis-
tics. The Millennium II simulation (Boylan-Kolchin et al.,
2009) provides us with subhaloes of M > 1010h−1M⊙ with
more than 1000 particles each, fulfilling this requirement. 1
We will use subhaloes instead of haloes from the start,
to avoid the influence in the measured angular momentum
from other substructures. This way satellites will slew ac-
cording to the angular momentum of their host substruc-
tures and not of their host halo as a whole. Furthermore,
central galaxies are this way unaffected by the changes in
the angular momentum of their satellites, which should not
contribute to the central galaxy′s angular momentum until
the event of a merger.
Figure 1 shows the probability distributions for the co-
sine of the angle between the initial and final angular mo-
mentum (αflip) of subhaloes that suffer changes in their mass
by the relative amount indicated in the key (these rela-
tive mass ranges are chosen as examples, the actual statis-
tics cover a wide range of mass accretion ranging up to
∆M/M > 0.5). These angular momentum changes are com-
monly referred to as slews or flips. Different line types cor-
respond to whether the increase in mass was by a merger
(dashed lines) or smooth accretion (solid lines). The statis-
tics for smooth accretion are obtained analysing subhaloes
that have not suffered mergers in consecutive snapshots of
the simulation. To construct this for the case of mergers,
we take only subhaloes that are the result of at least one
merger since the previous snapshot and measure their flips.
In the case when the merged subhalo mass is larger than
the sum of its progenitor masses, we assume that the excess
mass came from smooth accretion. In this case we lower the
amplitude of the flip from mergers using the statistics for
smooth accretion which are measured first. Only after this
correction is made we use it for the statistics of mergers.
The upper solid (dashed) line indicates that a higher rela-
tive mass accretion (merger) increases the chances of a given
angular momentum flip. The upper panel corresponds to low
redshifts, 0 < z < 1, whereas the lower panel to 1 < z < 5,
and as can be seen, the chance of angular momentum flips
is higher at higher redshifts.
2.1 Episodic discs
Our application of the probability of slews and flips as a
way to follow the evolution of the angular momentum of
semi-analytic galaxy discs is simple. In each snapshot of the
simulation, we calculate the fractional increase in the galaxy
disc mass. We then assign a disc angular momentum flip fol-
lowing the statistical distributions measured from the Mil-
1 The Millennium II simulation data were obtained using
the German Astrophysical Virtual Observatory GAVO, at
http://gavo.mpa-garching.mpg.de/MyMillennium/
Figure 2. Top: average ηdisc values as a function of redshift for
galaxies with present-day stellar masses in four different ranges,
as shown by the different colours indicated in the figure key. Bot-
tom: average angular momentum of galaxy discs as a function of
redshift, for the same present-day stellar mass ranges as the top
panel (different colours), for the base and flip model shown as
dashed and solid lines, respectively.
lennium II subhaloes, assuming that the same slews or flips
are suffered by the baryons in their centres.
However, the most important assumption is that when
the disc suffers a flip that amounts to an angle αflip, be-
tween the “old” and “new” angular momenta, this lowers
the specific angular momentum of the disc by the following
amount,
λdisc = λdisc,old cos(αflip). (1)
The angle αflip accumulates successive slews suffered by
an individual disc in a statistical way. As a result, the spe-
cific angular momentum of the disc is generally lower than
c© 2013 RAS, MNRAS 000, 1–15
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that of the halo at the time the disc formed, and contin-
ues to decrease its value as more accretion takes place. This
is qualitatively consistent with recent findings that point to
lower specific angular momentum for galaxies in comparison
to that of dark matter haloes (e.g. Dutton & van den Bosch,
2012).
Hydrodynamical simulations and semi-analytic models
suffer from opposite problems. It has been pointed out that
there is a lack of enough angular momentum to form discs
in hydrodynamical simulations (e.g. Mo, Mao & White,
1998, Bullock et al., 2001). Recently, Robertson et al. (2006)
showed that this can be overcome in cosmological scenarios
by taking into account the effect of early merging and ap-
propriate feedback mechanisms (see also Maller & Dekel,
2002, D’Onghia & Burkert, 2004, Vitvitska et al., 2002). On
the other hand, these problems are the opposite in semi-
analytic models, where it is usually assumed that the spe-
cific angular momentum of the disc equals (e.g. Tecce et al.,
2010) or is even higher than that of the dark-matter halo
(Berry et al. 2013). This is done because the prescriptions
used in these models are not able to follow any of the de-
tails of angular momentum and feedback energy transfer. By
assuming these equalities, semi-analytic models adopt con-
stant specific angular momenta for discs. However, several
works analysing hydrodynamical simulations (Sales et al.,
2012, Saha & Naab, 2013, Aumer et al., 2013) find that the
infall of misaligned material tends to disfavour the survival
of the disc whose destruction could be the result of a change
in the properties of the disc such as its spin.
Our proposed loss of specific angular momentum of
discs is designed to take this effect into account to some
degree, as it entails an inhibition of growth of the disc an-
gular momentum due to slews and flips. The initial specific
angular momentum of a disc is exactly that of its host halo
as it forms, λdisc,ini. Afterward, successive accretion events
make the specific angular momentum, λdisc, smaller with
respect to its initial value (without necessarily making the
disc actually lose angular momentum). We define
ηdisc = λdisc/λdisc,ini. (2)
The value of ηdisc diminishes with each accretion event, but
in the case of a merger induced burst of star formation or
disc instability, the disc disappears and, therefore, ηdisc is
reset to 1. Only after one halo dynamical time has passed the
value of ηdisc is allowed to vary again. We remark that in this
implementation we do not follow the changes in amplitude of
λ suffered by the host dark matter structure; we only use its
value as a new disc forms as in Cora (2006) and Lagos, Cora
& Padilla (2008). As Guo et al. (2011) pointed out, if the disc
follows the changes of the specific angular momentum of the
dark matter its properties will suffer sudden jumps due to
the numerical errors in determining this quantity using few
dark matter particles. We also point out that on average the
galaxy population will show a smoothly raising amplitude of
angular momentum of discs, but the effect of the slews and
flips on the discs specific angular momentum will change its
rate of growth.
Notice that even though the amplitude of the dimen-
sionless spin parameter of a disc diminishes, the disc itself
slews the direction around which it is spinning by an an-
gle given by the flips distribution measured for the dark
matter. This allows us to reproduce, qualitatively, previous
well-known results where discs show changes (sometimes im-
portant ones) in their direction of spin as a result of mass
accretion (e.g. Shen & Sellwood, 2006). Also, as is shown in
Figure 1, the distribution of the cosine of angle of flips/slews
indicates that an accretion of equal relative mass produces
small slews more frequently than actual angular momentum
flips. We also note that our formalism does not directly take
into account the changes of angular momentum of discs due
to external torques which can produce tell tale signs in discs
such as warps (e.g. Garcia-Ruiz, Kuijken & Dubinski, 2002,
Dubinski & Chakrabarty, 2009), but these processes do not
often entail a loss of angular momentum and therefore, to
first order, do not need to be included in our modeling. An-
other point to note is that we treat the gas disc as a single
object and do not take into account its possible interaction
with the stellar disc, or the existence of counter-rotating
stars, or stellar warps and other features in the distribu-
tion of stars (Algorry et al., 2013, Bois et al., 2011, Naab
et al., 2013). Our modeling should include this mechanism
for angular momentum transfer between gas and stars, but
its effect should be smaller than that coming from the much
more frequent accretion events (e.g. Algorry et al. 2013),
and we therefore defer its treatment to future work.
The main motivation behind our implementation comes
from the results from hydrodynamical simulations that show
that the presence of a disc in a galaxy is favoured by a lack
of infall of material coming with a misaligned angular mo-
mentum (e.g. Sales et al., 2012, Saha & Naab, 2013, Aumer
et al., 2013).
Figure 2 shows the change in the value of ηdisc as a func-
tion of redshift for galaxies of different present-day stellar
masses, as indicated in the key. As can be seen, more mas-
sive galaxies today are tending to ηdisc = 1 values, since their
evolution consists of a decreasing number of important ac-
cretion events. However, at high redshifts, when their masses
were still low, their ηdisc reached values as low as 0.65. No-
tice that less massive galaxies (present-day) climb out of this
minimum value of ηdisc at lower redshifts, once they achieve
a certain pivot mass. As a consequence of this, the galaxies
that today have the lowest ηdisc values are the least massive
ones.
The lower panel of the figure shows the evolution with
redshift of the average angular momentum of the disc for the
base and flip model (dashed and solid lines), for the same
ranges of present-day stellar masses as in the top panel. As
can be seen, the dips in ηdisc that mark the epoch of large
flips correspond to the time when the angular momenta slow
their rate of growth, as is the case for the highest present-day
stellar masses probed down to z = 6; Afterward ηdisc reaches
its minimum value and rapidly increases back to unity and
the angular momentum grows again. As can be seen, the
angular momentum of discs in the base model is usually
higher than that in the flip model once the galaxies enter
their large flips eras. Stewart et al. (2013) use hydrodynamic
simulations to study the evolution of the angular momentum
of the gas in individual disc galaxies; in their Figure 2, it can
be seen that there are several instances where the angular
momentum of the gas grows more slowly than that of the
dark matter, and this is the effect that we are reproducing
with our simple implementation for the semi-analytic model.
Regarding observational results, it is interesting to note that
at z = 0 only the flip model manages to produce galaxies
c© 2013 RAS, MNRAS 000, 1–15
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Figure 3. Galaxy luminosity functions in the bJ and K bands
(top and bottom panels, respectively), which are the most impor-
tant of the statistics used in the calibration of the semi-analytic
model, for the base and flip versions (dashed and solid lines, re-
spectively). The constraining observational data are shown as dif-
ferent symbols as stated in the key, for the estimates by Norberg
et al. (2001) and Jones et al. (2006), both in the bJ band, and
from Bell et al. (2003), Cole et al. (2001), Kochanek et al. (2001)
and Jones et al. (2006), for the K-band. The luminosity functions
correspond to two versions of the model run with the same pa-
rameters obtained for the base model using the PSO technique
(Ruiz et al., 2013). The semi-analytic parameters are given in
Subsection 2.2.
with higher angular momenta for higher stellar masses, in
qualitative agreement with the results of Romanowski & Fall
(2012).
Our assumptions have a number of consequences for
the two different cases corresponding to (i) accretion of gas
cooling from the hot phase, and (ii) mergers.
In the first case, when the increase in mass is due to
accretion of cool gas, the radius of the disc, rdisc, is impeded
from growing and, relative to the no-flip model, becomes
slightly smaller as a result of the drop in its dimensionless
spin parameter by
rdisc = ηdisc rdisc,noflip. (3)
This immediately translates into a smaller dynamical
timescale for the disc with respect to the no-flip model,
tdyn,disc = rdisc/Vvir, where Vvir is the subhalo virial velocity,
and a higher surface density of gas in the disc, which has a
strong impact on the star formation rate of the galaxy, since
the model follows the star formation law given by Croton et
al. (2006),
m˙∗ = αSF(mcold −mcrit)/tdyn,disc, (4)
where αSF is the efficiency of star formation, a free param-
eter of the model, and mcrit is the critical mass for star
formation given by
mcrit = 3.8 × 10
9
(
Vvir
200kms−1
)(
rdisc
10kpc
)
M⊙. (5)
As a result, a flip that impedes the growth of the disc size
increases the surface density of gas in the disc, which in turn
lowers the critical mass for star formation. This implies that
galaxies with flips form more stars (at least for equal star
formation efficiency parameters). We adopt a Salpeter initial
mass function for all star formation events in the model.
Our model allows for bursts during disc instabilities and
mergers. A galaxy becomes unstable when the quantity
ǫd ≡
Vmax
(GMdisc/rdisc)1/2
(6)
is smaller than a critical value of 1. Here, G is the universal
gravitational constant and Vmax is the maximum circular
velocity of the disc. We require the effect of a perturbing
galaxy as a necessary condition to trigger the disc instabil-
ity. When a neighbour galaxy perturbs the unstable disc,
all the stars and cold gas in the disc are transferred to the
bulge, and this cold gas is consumed in a starburst. A per-
turbation triggers a starburst only when the typical distance
to the galaxies sharing the dark matter halo of the unsta-
ble one is smaller than dpert times the scale-length of the
unstable galaxy. Smaller galaxy discs are characterised by
lower values of ǫd. They will therefore tend to produce more
frequent instability events, i.e., more frequent bursts of star
formation as is seen to occur in hydrodynamical simulations
(Sales et al., 2012). They will also tend to produce shorter
lived, episodic discs. Additionally, due to the resolution of
the Millennium II simulation used to construct the look up
tables of slews and flips, the value of ηdisc shows an attrac-
tor at small values for a small fraction of the population.
Therefore, whenever the condition ηdisc < 0.1 is satisfied,
we also trigger a burst of star formation as in the case of
disc instabilities.
The second case is when the accretion is due to a
merger. In the new implementation, we do not apply the
rules for merger driven starbursts following ratios of mass
between intervening galaxies as in other semi-analytic mod-
els, or the previous versions of this one (e.g. Cole et al., 2000;
Cora 2006; Lagos, Cora & Padilla, 2008; Tecce et al. 2010).
We just allow the large flips produced by mergers to produce
c© 2013 RAS, MNRAS 000, 1–15
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Parameter value
αSF 0.20
ǫ 0.25
fBH 0.026
κAGN 1.4× 10
−3
dpert 21.8
Table 1. Best fit parameters found with the PSO technique for
the base model.
highly dense discs, which naturally become unstable and un-
dergo bursts. This is an important change introduced in the
current version of this semi-analytic model.
2.2 Base model and flip model: comparison of
general galaxy properties
The implementation of slews and flips that change the sizes
of galaxy discs and the different criterion adopted to allow
starbursts during mergers will make for a different galaxy
population with respect to the base model. In order to en-
sure that these differences come only from the new imple-
mentation, we will use the same set of model parameters for
both models.
We tune the free parameters using the base model. We
allow to vary the star formation efficiency αSF, the efficiency
of supernovae feedback ǫ, the efficiencies of black hole growth
during bursts (mergers and disc instabilities) and gas cool-
ing, which are given by fBH and kAGN, respectively (see
Lagos, Cora & Padilla, 2008, for further details), and the
parameter dpert involved in the condition for a perturber
galaxy to trigger a starburst in an unstable galaxy. This cal-
ibration is done via the Particle Swarm Optimization (PSO)
search method (presented in Ruiz et al., 2013), using the lo-
cal galaxy luminosity function in the bJ and K bands, and
the relationship between black hole mass and bulge mass as
observational constraints. Table 1 presents the free parame-
ters and their best fit values found with the PSO technique
for the base model.
Differences between the models are expected as in the
flip case a higher star formation rate should be produced due
to the lower average specific angular momentum of discs
resulting from the flips. Additionally, there will probably
be a larger number of triggered disc instabilities (cf. Figure
4) and this, in turn, could provide more material for black
hole growth during bursts. Another expected effect is the
increase in supernovae feedback which could influence the
abundance of dwarf galaxies. These processes, however, are
deeply intertwined.
The results for the the local galaxy luminosity function
in the bJ and K bands, which are used as constrains for the
search of the best fit parameters are shown in Figure 3 for
both the base and flip models. The latter is much better
able to reproduce the knee of the luminosity functions in
comparison to the former. The flip model also provides a
better match to the bright end of the luminosity function
in both bands, particularly for the K-band, even when no
additional tuning of parameters was performed.
Figure 4. Statistics of the number of DI events in the base and
flip models (solid and dashed lines, respectively). Top panel: num-
ber of galaxies with at least one DI event in their lifetimes, as a
function of stellar mass. Poisson errors are too small to be no-
ticed for the flip model. Bottom panel: Number of instabilities per
unit redshift suffered by galaxies in different present-day stellar
mass ranges and for the total z = 0 galaxy population (different
colours, as indicated in the key).
We now turn to compare the frequency of bursts in the
two models, first concentrating on the disc instability events
that affect the star formation activity and lifetime of discs,
and then focusing on mergers which induce large flips and
therefore allow us to use disc instabilities instead of mass
fractions to trigger starbursts.
3 DISC INSTABILITIES
The number of discs instabilities (DI) in the two calibrated
models are found to be different given the tendency towards
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smaller sizes of discs in the flip model. The upper panel of
Figure 4 shows the number of galaxies that suffered at least
one disc instability event in their lifetimes (excluding insta-
bilities triggered by mergers in the flip model), as a function
of stellar mass. The solid line corresponds to the flip model
in which, as can be seen, more galaxies suffered bursts of star
formation triggered by disc instabilities by even more than
two orders of magnitude, more so for lower mass galaxies.
The lower panel shows this excess in more detail. Galaxies
with high present-day stellar masses have had more instabil-
ities per unit redshift in the flip model at all redshifts, and
galaxies with different present-day masses all tend to reach
similar maximum average numbers of DIs per unit redshift.
In the base model, however, galaxies with low present-day
masses suffered very little DIs in comparison with higher
present-day mass galaxies. The increase in instabilities in
the flips versus the base model becomes more important at
lower redshifts, with differences of 2 orders of magnitude or
more.
The increase in the frequency of disc instabilities which
effectively destroy discs translates into different times of disc
survivability. We explore these changes in Figure 5, where
the top panel shows the time since the last destruction of a
disc by triggered disc instabilities (i.e. not including merger
driven starbursts), as a function of stellar mass. In this case
we are showing the median for the full galaxy population, so
in some cases there may not actually be discs in the sample,
particularly for high stellar mass central galaxies where the
AGN feedback is able to prevent a new disc from forming,
or for satellite galaxies which do not receive further supply
of cool gas. However, in the cases where a disc is present,
this time corresponds to the age of the disc that survives to
z = 0. As can be seen, surviving discs in the flip model show
a trend of larger ages for higher stellar masses, ranging from
∼ 3Gyr to ∼ 5Gyr for galaxies of M∗ = 3 × 108 h−1M⊙
to M∗ = 1011 h−1M⊙, with a large scatter that extends
up to ∼ 8Gyr. The base model shows a similar trend, but
surviving discs are roughly a couple of gigayears older than
in the flip model, with a slightly larger difference for higher
mass galaxies. Notice that in both models discs in small
galaxies are relatively young, but discs in massive galaxies
are older, as is the case of the Milky Way (e.g. Jimenez et al.,
1998, Purcell et al., 2008, Kazantzidis et al., 2008, Hopkins
et al., 2008). In particular, both models allow the existence
of very old discs for grand-design spiral galaxies.
The lower panel of Figure 5 shows the average time be-
tween consecutive destructions of the disc down to the last
burst driven by disc instabilities, i.e., it does not include the
last surviving disc of the upper panel. Also, as in the top
panel, this statistics does not include merger induced bursts.
The base model presents a clear trend, where low mass
galaxies have a higher average time between disc destruc-
tion events of 5.5Gyr to 3.8Gyr for M∗ = 3 × 108 h−1M⊙
and M∗ = 1011 h−1M⊙, respectively. In the flip model the
trend is similar, with a change from 4.3Gyr to 1.9Gyr for
the same stellar masses, but more importantly, the typical
disc lifetime is shorter; discs are more episodic. This is due,
in part, to the fact that slews and flips affect more intensely
galaxies while they are in a fast growth regime; in this case,
the angular momentum flips are more important since the
infalling mass is often a large fraction of the previous disc
mass. Even galaxies that reached high masses at z = 0 went
Figure 5. Statistics of disc lifetimes in the base and flip models
(dashed and solid lines, respectively). Top panel: time since the
last disc instability event, which can be interpreted as the age
of present-day discs, as a function of galaxy stellar mass. Bot-
tom: median time between consecutive disc instabilities, which
effectively represents the typical lifetime of discs previous to the
surviving disc (whose age is represented in the top panel), for
galaxies that have suffered at least one disc instability. Errorbars
correspond to the 20 and 80 percentiles of the distribution, shown
only for the flip model for clarity.
through this stage at some point, and therefore show a lower
average disc lifetime than in the base model. In the latter,
on the other hand, disc instabilities take more time to oc-
cur since only when they reach a critical mass they become
unstable. In both models, high mass galaxies grew in mass
during an epoch of faster mass growth (e.g. Lagos, Padilla
& Cora, 2009b) than lower present-day mass galaxies and,
thus, show lower average times between consecutive destruc-
tions of the disc.
A possible shortcoming of the flip model is that the frac-
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Figure 6. Fraction of galaxies that have suffered at least one
disc instability in the last 3, 5, and 7 gigayears (red, blue and
green lines, respectively), as a function of stellar mass, for the
base and flip models (dashed and solid lines, respectively).
tion of galaxies that have suffered instabilities could have
grown to an unacceptable level. However, we find that
the increase in frequency of instabilities is present
mostly at low stellar masses and high look back
times (LBT), as can be seen in Figure 6. For stel-
lar masses Mstellar > 10
11h−1M⊙ the flip model shows
only about 50 percent more instabilities per galaxy
than the base model for LBT< 3Gyr. For the same
mass range, for LBT< 5 and 7Gyr, the flip model
shows about twice as many instabilities as the base
model. Notice that a LBT of 3Gyr is about one order
of magnitude longer than a typical dynamical time,
and therefore present day massive galaxies should
show signs of a recent disc instability in only ∼ 10−15
percent of the cases, for both models. The main dif-
ference is that in the flip model, this percentage re-
mains roughly constant with stellar mass down to
Mstellar = 10
8h−1M⊙.
4 DISC INSTABILITY DRIVEN STARBURSTS
IN MERGERS
As was mentioned in Section 2, in the flip model we do
not make use of mass ratios to decide whether a galaxy
that has just undergone a merger suffers a burst of star
formation; rather we simply check whether the disc of the
remnant galaxy is stable or not.
As the actual mergers of galaxies are governed by the
merger trees extracted from the numerical simulation, both
versions, the base and flip models, will have the same total
number of mergers between galaxies. However, since the evo-
lution of the baryons in each model is different, the fraction
of mergers with baryonic mass ratios above a given threshold
can be different. Furthermore, the conditions for the trigger-
ing of bursts are completely different between the models,
Figure 7. Frequency of mergers per galaxy per gigayear, sepa-
rated into events with different mass ratios between the merging
galaxies corresponding to major (mass ratios > 0.3, top panel)
and minor (bottom) mergers. The flip and base models are rep-
resented by solid and dashed lines, respectively. Different colours
denote wet and dry mergers (see the figure key), where the former
correspond to events where a starburst was triggered, whereas the
latter refer to mergers with no ensuing star formation.
and therefore the number of mergers with starbursts are also
not expected to be the same.
In the base model, the parameters that are used to de-
cide whether there is a burst in a merger are (i) fmajor = 0.3,
the mass ratio that defines a major merger such that if two
colliding galaxies are characterised by a higher mass ratio,
all the cold gas will be turned into stars and sent to the
bulge, along with any other stars in the discs of the merg-
ing galaxies; since in rare cases there will be no cold gas in
the colliding galaxies, the fraction fgas,major = 0.6 is used
to define the major merger as dry or wet, depending on
whether the fraction of gas in the disc of the accreted satel-
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lite is below or above this threshold (Jime´nez et al., 2011);
notice, however, that fgas,major is not a parameter of the
model as it does not affect the evolution of the galaxies. (ii)
fdisc,burst = 0.6 is the fraction of gas in the larger of the
galaxies involved in a minor merger (i.e. with a mass ratio
lower than fmajor), above which there will be a burst that
will transform all the available cold gas into stars and add
them to the bulge, with the stars in the disc left untouched
in this case, and (iii) fburst = 0.05, the minimum mass ratio
for the fdisc,burst condition to take place; if this is not sat-
isfied, there is no burst. The flip model drops three of the
parameters of the base model by simply producing a burst
if the disc of the remnant galaxy is unstable, considering the
merger itself sufficient enough a perturbation to trigger the
instability. This way the flip model greatly diminishes the
parameter space freedom typical of semi-analytic models.
We compare the frequency of mergers either with or
without a starburst in the base and flip models in Figure
7. We separate the statistics in major and minor mergers
according to the ratio of the masses of the merging galax-
ies and show the results in the upper and lower panels of
the figure, respectively, for the flip and base models (solid
and dashed lines, respectively). The colours help distinguish
between dry and wet mergers. In the latter type of merger
a starburst takes place, whereas in dry mergers there is no
immediate star formation as a result of the merger. The ex-
ception to this rule are dry major mergers in the base model
which correspond to the case when the satelite cold gas mass
fraction is below fgas,major.
As can be seen, given that the merger trees extracted
from the numerical simulation set the total frequency of
mergers, the overall merger rates in both models appear sim-
ilar at first sight. However, there are important differences
between them. The flip model presents a larger quantity of
dry major mergers, by about a factor of 2 compared to the
base model. Given that a major merger produces an impor-
tant flip in the angular momentum of a galaxy disc, and
therefore impedes the growth of the size of the galaxy, the
fact that there are no bursts in these cases is an indication
that the remnant galaxy is not massive enough to become
unstable and thus trigger a starburst. In the base model, any
available gas will undergo a burst. However, as was shown in
the previous section, in the flip model the frequency of disc
instabilities is much higher than in the base model, which
acts to balance the offset in merger driven starbursts in the
model, causing little difference to the galaxy colours and to
the morphological fractions as a function of stellar mass, for
instance (cf. following Section and Figure 9).
In the case of minor mergers, the results are very similar
between the two models, with only a 15 percent deficit (in-
crement) of dry (wet) minor mergers in the flip with respect
to the base model. Another difference with respect to the
major merger case is then that this slight excess of minor
wet mergers is not counteracted by the bursts driven by DIs
(cf. previous section), since both effects go in the same direc-
tion of having more bursts when the accretion of baryonic
matter carries small amounts of matter.
In the following sections we will then use the flip model
with disc instabilities as the only driver of starbursts in
galaxies, both in perturbed galaxies and in the remnant
galaxies of mergers, bearing in mind the possible influence of
Figure 8. Dimensionless spin parameter of galaxies as a function
of their host dark matter halo mass. The open squares with error-
bars correspond to measurements for SDSS galaxies by Cervantes-
Sodi et al. (2008). The grey points show the scatter of galaxy spins
in the flip model; the solid red line corresponds to the median of
these points and the dotted lines show the 10 and 90 percentiles.
The blue dashed line shows the median of the base model.
more frequent bursts in smooth accretion events and minor
mergers.
5 TESTABLE CONSEQUENCES
Even though the z = 0 galaxy populations in the base and
flip models show similar luminosity functions (Figure 3), it
is clear that there are differences in other galaxy properties.
In this section we show some of these differences and make
further comparisons to observational data, when available.
Our first comparison is focused on the dimensionless
spin parameter of galaxies. Cervantes-Sodi et al. (2008) mea-
sured this quantity for a sample of galaxies taken from the
Sloan Digital Sky Survey (SDSS, York et al., 2000) using a
simple model for their dynamical structure. Figure 8 shows
their results compared to our models. As can be seen, when
assuming the spin of the galaxy to coincide with that of the
disc, then both models provide similar agreement, but with-
out the trend of higher spins for lower stellar masses. The
flip model shows slightly lower spins due to the effect of the
slews and flips.
The change in the frequency of disc instabilities, and
the mechanism to trigger starbursts in general, can cause
the morphological fractions to vary between the base and
flip models. Therefore, we compare the z = 0 fractions of
galaxies with different morphologies as a function of their
stellar mass in Figure 9. Model galaxies are separated into
different morphological classes according to their bulge to
total stellar mass ratios. Irregular galaxies are those
with no bulge, 2 spirals contain a bulge which can make
2 The results of Figure 9 do not change significantly
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Figure 9. Fractions of galaxies with elliptical and irregular mor-
phology (red and black, respectively), as a function of stellar mass,
for the base (dashed lines) and flip (solid lines) models. The sym-
bols with errorbars show the results for nearby galaxies obtained
by Conselice (2006) for the same galaxy types.
up for up to 80 percent of the total stellar mass, and el-
lipticals contain more than 80 percent of their stellar mass
in a bulge. Since the total population of galaxies is divided
into one of these three types, we only show the results for
irregular and elliptical galaxies. As can be seen, the base
model shows good agreement for the elliptical and
irregular galaxies, with only a slight excess of ellip-
ticals around Mstellar = 10
9h−1M⊙ and of irregulars
at Mstellar = 10
8h−1M⊙. In the case of the flip model,
the higher frequency of disc instabilities is respon-
sible for a drop in the frequency of galaxies with no
bulge, which is only slightly at odds with the data
and at the lowest stellar masses the agreement im-
proves. The flip model shows reasonable agreement
with the observed fraction of elliptical galaxies, al-
though slightly less so than the base model. Notice
though that the flip model parameters were not re-
calibrated to fit any observables, and the agreement
which is already reasonable could improve further
with a slightly different set of parameters. Also, we
remind the reader that the flip model does quali-
tatively improve the agreement with the knee and
bright end of the luminosity functions (cf. Figure
3); these tests simply show that it also provides a
reasonable frequency of bulges.
Figure 10 shows a comparison of the cold gas mass and
star formation rate density as a function of redshift (top and
bottom panels, respectively) resulting from the two models,
for the full galaxy population and for galaxies with different
present-day stellar masses, as indicated in the figure key. The
star formation rate densities of the models are further com-
when changing the upper limit in bulge-to-total stellar
mass ratio for irregulars from 0 to 5 percent.
Figure 10. Top panel: cold gas mass for all the z = 0 galax-
ies in each model (black) and different present-day stellar mass
ranges (colours, see the figure key), for the base and flip models
(dashed and solid lines, respectively). Bottom: star formation rate
density as a function of redshift for the full z = 0 galaxy popula-
tion (black) and different present-day stellar mass ranges for the
base and flip models (same colours and line types as top panel).
The grey points with errorbars correspond to the observational
compilation by Behroozi et al. (2013).
pared to the data compiled by Behroozi et al. (2013). The
model star formation rate densities were divided by 1.515 to
convert them to the Chabrier initial mass function adopted
by Behroozi et al.. In both panels, the solid lines represent
the flip model, whereas the dashed lines correspond to the
base model. As expected, due to the lower star formation
activity in the latter, the amount of cold gas in galaxies is
higher in the base model, particularly at low redshifts; the
flip model spends more cold gas as a result of the slower
growth of angular momentum due to the action of the slews
and flips. In terms of the full galaxy population, the differ-
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Figure 11. Stellar mass functions for model galaxies at z = 3.5
for the base and flip models (dashed and solid lines, respectively).
The dotted line shows the results for the flip model if a gaussian
error of width 0.25dex in the logarithm of the stellar mass is
added to the model masses. The shaded regions correspond to
the NEWFIRM medium band survey sample of massive galaxies
at 3 < z < 4, when adopting the dusty template set (Marchesini
et al., 2010), and the results for the ULTRAVISTA survey by
Muzzin et al. (2013), whereas the symbols show the results by
Caputi et al. (2011) for the UDS, as indicated in the key.
ent models differ in this quantity by about a factor of 2 at
z = 0.
The lower panel of the figure shows that at high red-
shifts the star formation rate density tends to be higher in
the flip model, except for the most massive galaxies. Then,
at lower redshifts for lower final stellar mass galaxies, the
star formation rate densities of the two models equal each
other until the base model starts to show higher rates. For
instance, this transition occurs at z ∼ 4 for 109 h−1M⊙ <
M∗ < 1010 h−1M⊙, and at z ∼ 5.5 for 10
10 h−1M⊙ < M
∗ <
1011 h−1M⊙, whereas for M
∗ < 109 h−1M⊙ the star forma-
tion activity is still higher for the flip model at z = 0. This
effectively shows that the flip model is downsizing more ef-
fectively than the base model. The grey symbols represent
the compilation of observational results by Behroozi et al.
(2013). As can be seen, the scatter in the observations is
similar to that present between the base and flip models,
making both of them roughly consistent with the observa-
tions.
An immediate consequence of having a higher star for-
mation rate at high redshifts is that the stellar mass in galax-
ies grows at a faster rate. Therefore an interesting compar-
ison with observations is the one that focuses on the stel-
lar mass function which, at high redshifts, has been diffi-
cult to reproduce by semi-analytic models (e.g. de Lucia
et al., 2006), as was mentioned in the Introduction. Figure
11 shows the stellar mass function for galaxies at z = 3.5
extracted from the base and flip models (dashed and solid
lines, respectively). As expected, the flip model produces
more high stellar mass galaxies, with a general shift of the
stellar mass function toward higher masses by 20 percent.
This increase shortens the gap between the flip model stel-
lar masses and the estimates from the NEWFIRM medium
band survey by Marchesini et al. (2010) for massive galaxies
at 3 < z < 4, particularly for the case when they consider
dusty templates to fit their observed photometry. In their
paper, Marchesini et al. show that this mass function would
only be consistent with the Somerville et al. (2008) galaxies
if they included a 0.25 dex error in the mass estimates for
the model galaxies. In the flip model case, a 0.25 dex error
(dotted line) makes the stellar mass function agree with the
dusty-template case in Marchesini et al.
The figure also shows a lack of agreement between the
flip model and the Muzzin et al. (2013) data at the high mass
end of the stellar mass function, but it should be taken into
consideration that they did not include a dusty template as
was done by Marchesini et al. In their appendix, Muzzin
et al. state that the number density of the most massive
galaxies diminishes considerably when they add this tem-
plate to their set which would improve our agreement with
their results. Notice also that the number density of dwarf
galaxies with M∗ < 10
10h−1M⊙ does not change between
the two flavours of this model implying that even though
the formalism adopted in the flip model increases the stellar
mass growth at high redshifts, it does not do so at the ex-
pense of a larger population of dwarf galaxies (cf. Henriques
et al. 2013). The dwarfs with stellar masses around the
1010h−1M⊙ mark in our model appear to be over-abundant
in comparison to the results by Caputi et al. (2011) for the
UDS (Williams et al., 2009). Notice, however, that Caputi
et al. also do not include dusty templates as Marchesini et
al.
Given the changes to the galaxy sizes imprinted by the
inhibition of angular momentum growth due to flips, it is
also necessary to study the distributions of galaxy sizes in
the new model. In principle, one can think that inhibiting
the growth of the angular momentum would result in smaller
disc sizes. However, when measuring the median size of sur-
viving spiral galaxies at z = 0 and z = 4 in the upper and
lower panels of Figure 12, respectively, we see that this is
the case, but to a small extent. At z = 0, the flip model
shows similar median galaxy sizes than the base model al-
most throughout the entire range of magnitudes shown, and
both models are in similar agreement with SDSS galaxy sizes
measured by Gonza´lez et al. (2009). As was shown by Bruce
et al. (2012), the spiral disc sizes at z = 2 are quite similar
to those of z = 0, and therefore we go to higher redshifts
for our next comparison. We use the recent measurement of
z = 4 Lyman-Break Galaxies (LBGs) with sizes estimated
from CANDELS (Wuyts et al., 2011) data by Huang et al.
(2013). In this case, the base model shows sizes consistent
with the observed ones, and this is also the case for the flip
model, except at the bright end where flip model galaxies
flatten their size and become slightly (25 percent) smaller
than the observed ones.
The reason for the similar sizes between the two models
at all redshifts is that the flip model first tends to distort
the distribution of galaxy sizes by extending a tail toward
small disc radii, but at the same time the disc instability
mechanism quickly destroys the smaller discs, making this
distribution lose its small radii tail and, consequently, show
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Figure 12. Galaxy radii containing 50 percent of the total flux,
as a function of absolute magnitude, for the base and flip models
(dashed and solid lines, respectively). Top panel: z = 0 results for
spirals, as a function of r-band absolute magnitude, compared to
results from the Sloan Digital Sky Survey Main Galaxy Sample
from Gonza´lez et al. (2009). Bottom: z = 4 sizes of star form-
ing galaxies in the models, and Lyman Break Galaxies (dotted
lines, Huang et al., 2013) from the CANDELS survey (Wuyts et
al., 2011). The errorbars are shown only for the flip model, and
indicate the error on the mean.
a similar median value to that of the base model. This effect
is present at all luminosities at both redshift ranges.
6 CONCLUSIONS
In this work we presented the implementation of angular mo-
mentum slews and flips in a semi-analytic galaxy formation
model. The aim in doing this was to reproduce in a more
realistic way the fact that often the angular momentum of
discs and that of the matter they accrete are not aligned.
This lack of alignment is thought to be responsible for the
destruction of discs within dark matter haloes that do not
necessarily undergo a dramatic event such as a merger. The
interaction of the infalling material with the disc as it arrives
produces the discs to become unstable, undergo bursts, and
feed new stars to a bulge.
From the hydrodynamical side, Sales et al. (2012) used
the GIMIC galaxies to show that most of the discs that sur-
vive at z = 0 show angular momentum vectors that are bet-
ter aligned with the matter at turn around than particles in
a spheroid component. This indicates that misaligned infall
could be responsible for the formation of bulges. A possible
reason behind this is that the dark matter halo that hosts a
galaxy suffers several stochastic changes in its angular mo-
mentum vector as shown by Bett & Frenk (2012). If the hot
gas that cools toward the disc is relaxed in this dark matter
halo, in most cases the cooling gas will have an angular mo-
mentum that will not necessarily be parallel to that of the
cold disc it is destined to feed.
In most semi-analytic models, the resolution of the par-
ent dark matter simulation does not allow for the direction
of the angular momentum of the halo to be measured with
high accuracy. For this, at least 1000 particles per halo are
needed, and most semi-analytic models use haloes with of
the order of 10 or more particles. Therefore, we measured
the probability of angular momentum flips by a given angle
using subhaloes of the Millennium II simulation (Boylan-
Kolchin et al., 2009) after they change their mass by a cer-
tain relative amount, in different redshift ranges. We con-
struct different probability distributions for when the accre-
tion is smooth or due to mergers. In particular, we find that
at high redshifts the same relative increase in mass produces
larger flips in the angular momentum of haloes. This is also
the case for mergers in comparison to smooth accretion.
We apply flips to the semi-analytic model SAG (Cora
2006; Lagos, Cora & Padilla, 2008, Lagos, Padilla & Cora,
2009; Tecce et al. 2010) by using Monte-Carlo simulations
for the flips suffered by the galaxy angular momenta. To do
this, we assume that the distributions of flips measured in
the subhaloes apply as well to the baryons at their centres
and that, in addition, their effect is that of slowing down
the growth of angular momentum of discs with respect to
their host haloes. The motivation behind this assumption
comes from the results of hydrodynamical simulations that
show that infalling material with misaligned angular mo-
menta with respect to the galaxy disc could be responsible
for its repeated destruction (Sales et al., 2012, Aumer et
al., 2013). In our new implementation, the net effect of the
flips is that the average disc slows down its angular momen-
tum acquisition during its most active growth phase to then
continue growing at later times. The discs that are more af-
fected by this are those which accrete mass with misaligned
angular momentum, and are those more prone to undergo
instabilities and to be added to their bulge.
Even though discs are more unstable in the flip model,
the galaxies that reach high present-day stellar masses have
not been subject to disc instabilities in just as long a time
as in a model with no flips, i.e., grand-design spiral discs
are also old in the flip model. However, the past history of
these galaxies includes shorter lived previous incarnations
of discs, i.e. more episodic discs, since the flips are more
important while a galaxy is still small as it is growing in size
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in larger relative fractions of its mass compared to higher
mass galaxies.
As the inclusion of flips increases the star formation
activity at high redshifts, the stellar mass function of high
redshift galaxies reaches slightly higher masses slightly im-
proving the agreement with observations at high redshift.
We also take advantage of the large flips suffered by
galaxies during mergers to use the disc instability condition
to produce bursts in mergers. This way our model reduces its
parameter space, dispensing of three parameters that, in the
base model, are used to determine whether there are bursts
via conditions on different mass ratios of the merging galax-
ies. The resulting fractions of wet mergers (i.e. with bursts
of star formation) in the flip model are reduced compared
to the base model, but the higher frequency of bursts due to
other disc instability events in the former compensates for
this and makes a final galaxy population that is similar in
the two models in terms of colours and morphologies.
Massive galaxies in the flip model form stars
more rapidly at early times, and have less available
cold gas for star formation at later times providing
a better fit to the steep fall off of the bright end of
the luminosity function.
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